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1 Introduction
The gain in popularity of conduct-
ing polymers such as doped polyani-
line (PANI) and polypyrrole, and semi-
conducting polymers like polythiophene 
and polyphenylene-vinylene (including 
poly[2-methoxy, 5-(2’-ethylhexyloxy)-
1,4-phenylene-vinylene] or MEH-PPV), 
has been the promising future of organic 
semiconducting electroluminescent ma-
terials for electronic and opto-electronic 
devices. Applications in polymer light-
emitting diodes (PLEDs) [1, 2], pho-
todiodes [3], photovoltaics [4, 5], and 
fi eld-effect transistors [6], among oth-
er devices, have been demonstrated for 
MEH-PPV. Ordered MEH-PPV samples 
show optical excitations that have been 
attributed to interband transitions [7] 
and electroabsorption studies have also 
been explained in terms of a band mod-
el [8].
The highest occupied molecular or-
bital (HOMO) to lowest unoccupied 
molecular orbital (LUMO) gap can-
not always be directly compared to 
the effective gap in a device due to lo-
cal Coulombic interactions. Nonethe-
less, assignments of the energy levels 
could help reconcile the difference of 
the charge transfer energy gap of > 2.35 
eV [9] and the HOMO–LUMO band 
gap of 2.45 eV [9], observed for MEH-
PPV, with the larger 2.7-eV gap that is 
observed [10] and calculated [11, 12] 
for PPV alone. The much reduced point 
group and much reduced local symme-
try of MEH-PPV, when compared to 
PPV alone, must play a role [13]. We 
show here that local molecular orbit-
al symmetry effects can be observed in 
the very low symmetry polymer MEH-
PPV, and provide some indirect indica-
tions that defects must play a role in the 
actual device properties.
2 Experiment and theory
The light polarization dependent an-
gle-resolved photoemission experi-
ments were carried out using synchro-
tron radiation, dispersed by a 3-m to-
roidal monochromator, at the Center for 
Advanced Microstructures and Devices 
(CAMD) in Baton Rouge, Louisiana, as 
described elsewhere [14–16]. The mea-
surements were performed in an ultra 
high vacuum (UHV) chamber employ-
ing a hemispherical electronenergy ana-
lyzer with an angular acceptance of ±1°, 
as described elsewhere [16]. The com-
bined resolution of the electron-energy 
analyzer and monochromator varied be-
tween 0.10 and 0.25 eV. All angles (both 
light-incidence angles as well as photo-
electron-emission angles) reported here-
in are with respect to the substrate sur-
face normal. Because of the highly plane 
polarized nature of the dispersed syn-
chrotron light through the toroidal grat-
ing monochromator, the large light-inci-
dence angles result in a vector potential 
A more parallel to the surface normal (p-
polarized light),while smaller light-inci-
dence angles result in the vector poten-
tial A residing more in the plane of the 
surface (s-polarized light) in the geome-
try of our experiment. The dispersion of 
the molecular orbital bands was studied 
by examining the variations in the bind-
ing energies of the various photoemis-
sion features as a function of incident 
photon energy from 55 eV to 110 eV. 
For the photoemission results reported 
here, the photoelectrons were collected 
normal to the surface (Γ¯ or k|| = 0) to pre-
serve the highest possible point-group 
symmetry and at room temperature.
Thin fi lms of 100 nm of MEH-PPV 
were prepared by spin coating. Pow-
dered MEH-PPV (Sigma Aldrich) from 
a single batch with molecular weight 
86 000 g/mol was dissolved in chloro-
form. These solutions were heated to 80 
°C and stirred for 8 h, then fi ltered and 
spin cast onto indium tin oxide (ITO). 
The MEH-PPV fi lm thickness was mea-
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sured to be 90 nm with good uniformity 
(± 5%). These samples were then dried, 
in vacuo, for 8 h at room temperature. 
For the transport measurements, 
a 100-nm Al electrode was thermally 
evaporated on MEH-PPV. The effi ca-
cy of the MEH-PPV fi lms was demon-
strated by fabricating photodiodes us-
ing MEH-PPV and ethyl viologen di-
bromide on ITO, with photocurrents, in 
these diodes, showing the characteristic 
curves of zero bias current with light ex-
posure that is absent in the dark [17].
Damage was introduced by either 
synchrotron radiation, exposing the 
polymer to 3 h of synchrotron radia-
tion of 65 eV, or sputtering for 3 min at 
3×10−6 Torr with 1-keV Ne ions, as dis-
cussed below.
Theoretical calculations of the elec-
tronic structure of PPV and MEH-PPV 
were undertaken by PM3-NDO (neglect 
of differential overlap) with the Hyper-
Chem package [18, 19]. The model cal-
culations were undertaken on short chain 
lengths (three repeat units) that were hy-
drogen terminated to prevent exces-
sive folding. Geometry optimization of 
the system was performed by obtaining 
lowest unrestricted Hartree–Fock (UHF) 
energy states and their possible symme-
tries of the polymer molecule, as indi-
cated in Fig. 1.
3 Comparison between theory and 
experiment
In the photoemission spectra of MEH-
PPV fi lms on ITO, photoemission peaks 
are observed at roughly 3.3 eV and 6 
eV, with overlapping features at 7.2 eV, 
8.8 eV, 9.6 eV, and 11 eV, in addition 
to broader features at the larger bind-
ing energies of 14 eV, 19 eV, and 27 eV, 
as shown in Fig. 2. The occupied mo-
lecular orbitals derived from semiem-
pirical ground state calculations can be 
compared to these various features ob-
served in the photoemission (shown in 
Fig. 2), as has been undertaken success-
fully elsewhere with large molecular ad-
sorbates [14, 15, 20–24]. Due to close 
placement in orbital energy of many of 
the different molecular orbitals as well 
as solid-state and lifetime broadening of 
the photoemission features, the individu-
al molecular orbitals cannot be resolved 
in photoemission, so that several molec-
ular orbitals contribute to a single pho-
FIGURE 1 The calculated ground state molecular orbital energies of three monomers of PPV 
and three monomers (repeat units) of MEH-PPV are compared with experimental binding en-
ergies with respect to the Fermi level. This includes a few unoccupied molecular orbitals down 
to the lowest unoccupied molecular orbital, as well as the occupied molecular orbitals refer-
enced to the vacuum level. Selected MEH-PPV molecular orbitals (HOMO) are shown below, 
including the highest occupied molecular orbital (HOMO), HOMO-6, HOMO-17, HOMO-46, 
HOMO-73, HOMO-98, HOMO-103, HOMO-114, and HOMO-130. From the calculations, as 
shown, ground state free molecule HOMO–LUMO band gaps of 7.4 eV and 8.6 eV are derived 
for PPV and MEH-PPV, respectively.
FIGURE 2 Photoemission spectrum of 
MEH-PPV fi lm on glass after reconstructive 
annealing with many of the features labeled 
for identifi cation: (a) 3.3 eV, (b) 6 eV, (c) 7.2 
eV, (d) 8.8 eV, (e) 9.6 eV, (f) 11 eV, (g) 14 
eV, (h) 19 eV, and (i) 27 eV. The spectrum 
was taken at a photon energy of 65 eV.
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toemission feature, as indicated in Fig. 1. 
The difference between orbital energies, 
obtained in theory and referenced to the 
vacuum level, and the experimental bind-
ing energies with respect to the Fermi 
level obtained for MEH-PPV from the 
photoemission spectra is about 4.7 eV, 
as indicated in Fig. 1. This shift between 
theory and experiment is similar to that 
observed for carborane fi lms [22], fl uo-
rinated polymer fi lms [21], and multilay-
er fi lms of biphenyldiisocyanide [24] and 
biphenyldimethyldithiol [23] and is ex-
pected for PPV and like molecules [11].
Assuming that the chemical potential 
is in mid gap, the binding energy for the 
highest occupied molecular orbital sug-
gests a HOMO–LUMO gap of 6 eV or 
more, but certainly no smaller than 3–
4 eV (assuming that MEH-PPV is more 
of an n-type material, which is very un-
likely). Many conducting polymers are 
p-type, including PPV [12, 25], alk-
oxy derivatives of PPV [26], and MEH-
PPV [27, 28]. Accepting that MEH-PPV 
is a p-type semiconductor, the HOMO–
LUMO gap of 8.6 eV, calculated here, 
for MEH-PPV and 7.4 eV for PPV are 
consistent with the observed photoemis-
sion data with a highest occupied mo-
lecular orbital binding energy of 3.3 eV, 
with respect to the Fermi level. The ob-
served binding energy for the highest 
occupied molecular orbital of 3.3 eV 
is diffi cult to reconcile with the optical 
absorption, seen in Fig. 3, the accepted 
charge transfer energy gap of > 2.35 eV 
[9], and the apparent HOMO–LUMO 
band gap of 2.45 eV [9], observed for 
MEH-PPV. Indeed, there is further qual-
itative disagreement with theory as PPV 
fi lms have a larger (2.7-eV [10]) appar-
ent HOMO–LUMO gap than the rough 
2.5-eV gap for MEH-PPV.
The vertical peak in the optical ab-
sorption reported here (Fig. 3) is con-
sistent with the previously reported sol-
id state thin fi lm HOMO–LUMO band 
gap of 2.45 eV [9]. While Coulomb ef-
fects that occur with optical excitation 
work to make this value much smaller 
than the HOMO–LUMO ground-state 
gap, the huge difference observed here 
must be due to defects, extrinsic carriers 
injected from ITO, solvent impurities, or 
solid-state effects (such as π–π extramo-
lecular interactions). The presence of the 
large pendant group in MEH-PPV, that is 
absent in PPV alone, can be anticipated 
to have a large infl uence on the extramo-
lecular interactions in spin-coated fi lms, 
but it does not appear to us that this can 
be the full explanation by any means.
The HOMO–LUMO gap of 8.6 eV, 
calculated here, for MEH-PPV and 7.4 
eV for PPV, while consistent with the 
photoemission, are very different from 
the 2 eV [12] and 2.5 eV [11] gaps cal-
culated for PPV. Indeed, our values for 
the HOMO–LUMO gap are consistent 
with the calculated band structure only 
in the vicinity of the Brillouin-zone cen-
ter (Γ ) and along some high symmetry 
directions of the PPV crystal, where a 
direct band gap of about 7 eV is indicat-
ed [12]. Since we have taken our pho-
toemission spectra for the normal emis-
sion, it may be that we do not probe the 
smaller band gap seen at the Brillouin-
zone edge in our measurements. Giv-
en that there is signifi cant band disper-
sion in crystalline MEH-PPV and PPV, 
as discussed below, this difference be-
tween the measured optical gap and the 
photoemission strongly suggests that 
solid-state effects play some (but prob-
ably not an exclusive) role in determin-
ing the optical band gap. It may be that 
a correlation energy may be ultimately 
indicated as a necessary addition to an 
LDA or DFT solid-state calculation.
Increasing the chain length does not 
decrease the calculated HOMO–LUMO 
gap signifi cantly after three units (a 
polymer with three or more repeat units) 
are reached, as shown for a single chain 
and a double chain of PPV in Fig. 4. It is 
signifi cant that the calculated HOMO–
LUMO gap does decrease by increasing 
the number of chains.
4 Molecular orientational order and 
band structure
We see strong light-polarization effects 
in the photoemission spectra of MEH-
PPV on ITO by changing the light-inci-
dence angle from a large incidence angle 
(a vector potential A more parallel to the 
surface normal or p-polarized light) to a 
smaller incidence angle (with the vector 
potential A residing more in the plane of 
the surface or s+ p-polarized light) in the 
geometry of our experiment. This com-
parison of light incidence angle photo-
emission spectra, with the photoelec-
FIGURE 5 MEH-PPV photoemission spec-
tra comparing s+ p versus p polarizations of 
the incident light. The spectra were taken at 
a photon energy of 60 eV and the photoelec-
trons collected at normal emission.
FIGURE 3 Absorption spectrum of MEH-
PPV thin fi lm cast on quartz plate showing 
peak with corresponding band-gap energy of 
2.5 eV.
FIGURE 4 The HOMO–LUMO gap ab-
stracted from the calculated ground state 
molecular orbital energies of PPV for an in-
creasing number of monomers (repeat units) 
of PPV. A single chain is compared with a 
double chain of PPV.
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trons being collected along the normal to 
the surface (¯Γ), is shown in Fig. 5.
Although MEH-PPV is a very low 
symmetry polymer, by considering the 
application of symmetry-selection rules 
to the light polarization dependent pho-
toemission (Fig. 5), some insight into 
the preferential orientation may be ob-
tained. As is typical with large organ-
ic molecules [20], the partial cross sec-
tion for photoemission varies according 
to the orientation of the light vector po-
tential A and the symmetry of the initial 
state Ψi and, assuming that the fi nal state 
wave function Ψf (for electrons collected 
along the surface normal) is fully sym-
metric, according to
The evidence of strong light-polarization 
effects suggests a strong preferential orien-
tation of the polymer chains, as has been 
observed in other polymer systems [15, 
20], including a number of conducting 
polymers like polyaniline and polypyrrole 
[15]. Unfortunately, because the symmetry 
of MEH-PPV is so very low, and because 
of the huge number of overlapping molec-
ular orbitals that contribute to each pho-
toemission feature, we cannot ascertain, 
from Fig. 5, the preferential orientation ad-
opted by MEH-PPV in our fi lms.
There is further evidence of strong 
preferential order adopted by the MEH-
PPV molecular chains in our fi lms. A se-
quence of photon energy dependent pho-
toemission spectra were taken for thin 
fi lms of MEH-PPV, as shown in Fig. 6. 
The MEH-PPV photoemission peaks c, e, 
g, and h, as labeled in Fig. 1, exhibit small 
shifts in binding energy as a function of 
photon energy. Because the photoelectrons 
are collected along the surface normal in 
the sequence of photon energy dependent 
photoemission spectra, the binding energy 
shifts of many of the observed photoemis-
sion features are indicative of band disper-
sion along the electron wave vector nor-
mal to the surface, k⊥. The value of k⊥ can 
be estimated from the photoelectron kinet-
ic energy making some assumptions about 
the inner potential Uin:
The dispersion of the molecular orbit-
als, summarized in Fig. 7, shows band 
critical point repetition, suggesting peri-
odicity of about 4.13 Å perpendicular to 
the fi lm or along the surface normal, and 
has been observed with other ordered 
large-molecule fi lms [20, 21, 23]. Such 
band structure, whether intramolecular 
or extramolecular, is also indicative of 
strong preferential ordering of the poly-
mer chains. For this reason, we cannot 
ascribe the small HOMO–LUMO gap of 
the MEH-PPV device structures to ori-
entational disorder. Solid-state effects 
and other extrinsic effects must now 
be expected to play a role if such order 
is preserved in the MEH-PPV device 
structures, as noted above.
Qualitatively, based on the band 
structure calculated for PPV [11, 12], the 
band dispersions observed here are ex-
pected. Our band dispersions here seem 
to be of the order of 1 eV, which is much 
smaller than the calculated band widths 
of 2.8 eV [11] and band dispersions of 4 
eV [12] calculated for PPV. Because the 
photoemission features contain many 
overlapping molecular orbitals, and we 
do not precisely know the structure and 
orientation of MEH-PPV in our fi lms, 
we cannot ascertain the origin of the 
smaller than expected band dispersion 
observed here. Density functional theory 
(DFT) and local density approximation 
(LDA) calculations are known to have 
problems obtaining the correct band gap 
in inorganic semiconductors, particularly 
near the Brillouin-zone edge, adding fur-
ther complications to the analysis.
The evidence does, nonetheless, 
point to a very high degree of ordering in 
these spin-cast fi lms. This is somewhat 
surprising because pendant groups at-
tached to long-chain molecules are usu-
ally associated with disorder (e.g. [29]), 
but there are many cases where the pen-
dent groups order [30, 31]. Disorder has 
been attributed to a decrease in hole mo-
bility in PPV [25] and MEH-PPV [27, 
32], but annealing and preparation meth-
ods can substantially affect order [32–
34]. Pendant groups [32] rather than the 
torsion angle of the polymer backbone 
[25] are implicated as the origin of dis-
order in MEH-PPV, consistent with the 
photoemission results reported here.
5 The role of defects
In order to understand the role of de-
fects, we have purposely introduced de-
fects into the MEH-PPV fi lms by Ne-ion 
sputtering at 1 keV. The Ne ions, we be-
lieve, introduce a signifi cant number of 
defects, as is indicated by the increased 
widths of the photoemission features. 
FIGURE 6 Photoemission spectra of MEH-
PPV thin fi lm as a function of incident pho-
ton energy. Shifts in binding energy peaks 
indicate band dispersion along k
┴
 in bulk 
material. The photoelectrons were collected 
at normal emission.
FIGURE 7 Plot of spectral peak disper-
sion as a function of incident photon ener-
gy for several photoemission features at dif-
ferent binding energies, abstracted from Fig. 
5. These data suggest molecular orbital peri-
odicity in bulk material normal to the MEH-
PPV thin-fi lm surface, and the existence of 
band structure (see text).
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The effect of these defects on MEH-PPV 
valence-band electronic structure is seen 
in Fig. 8, by comparing an annealed 
MEH-PPV fi lm before (a) and after (b) 
Ne-ion sputtering. Of key importance 
is not only the increasingly broad pho-
toemission features, but also the densi-
ty of states that begins to trail to small-
er binding energies in the vicinity of the 
Fermi level. These defects, whose na-
ture we cannot determine from our mea-
surements here, do much to close the ef-
fective HOMO–LUMO gap.
It is also interesting to note that 
again annealing the fi lm after the dam-
age is introduced into the fi lm by Ne-
ion sputtering appears to ‘repair’ some 
of the damage. In Fig. 8c, we show the 
photoemission spectra after re-annealing 
the MEH-PPV fi lm to 90 °C. After the 
damaged fi lm is re-annealed, the pho-
toemission feature widths decrease and 
many of the photoemission features can 
again be identifi ed. It is doubtful that 
this damaged and again annealed fi lm is 
restored to the original condition of the 
fi lm annealed in vacuo, but some of the 
effects of damage are reversed. The res-
toration and improvement of the molec-
ular order has been observed in mobil-
ity measurements [32–34] as a conse-
quence of annealing treatments of the 
fi lm, but defect reduction, as a result of 
annealing treatments, may have also oc-
curred in those studies.
A similar effect is observed after long 
exposures of the MEH-PPV fi lms to vac-
uum ultraviolet light (65-eV photon ener-
gy for 3 h). This is evident when compar-
ing an MEH-PPV fi lm before (Fig. 8d) 
and after (Fig. 8e) 3 h of vacuum ultra-
violet light exposure. Peaks a, b, g, and 
i, as identifi ed in Fig. 2, can no longer be 
identifi ed following this harsh treatment. 
Ultraviolet light is known to cause dam-
age to large organic polymers [35–37], 
largely through bond cleavage, and there 
is reason to expect MEH-PPV to be less 
robust than many of these species.
Defects are believed to contribute 
to the density of localized carriers [12], 
consistent with our studies here. None-
theless, even our highly ordered poly-
mer fi lms, made with a high molecular 
weight species, may contain a consid-
erable number of defects [25]. Such de-
fects could signifi cantly contribute to a 
smaller apparent optical gap, but would 
not be observed in photoemission.
6 Summary
Polymer MEH-PPV fi lms spin coated 
on indium tin oxide exhibit a high de-
gree of preferential molecular order. 
The electronic structure appears to be in 
good agreement with the predictions ob-
tained from semi-empirical molecular 
orbital calculations. Nonetheless, it is 
clear that defects (bond cleavage), solid-
state effects, and extrinsic effects may 
play a role in the performance of an or-
ganic device that includes MEH-PPV as 
a component. With the high level of or-
der, it is clear that the molecular orbit-
als do contribute to dispersing bands, 
much like those seen in inorganic semi-
conductors.
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